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Abstract Co-deposition of Zn–Co alloy coatings that

were electrodeposited from weakly alkaline glycine solu-

tions has been studied by cyclic voltammetry. Scanning

electron microscopy (SEM), energy depressive spectros-

copy (EDS), and X-ray diffraction (XRD) analyses were

used to study surface morphology, chemical composition,

and phase structure of the coatings. Corrosion behavior of

the coatings was also studied using potentiodynamic

polarization tests in 3.5 wt% NaCl solution. Cyclic vol-

tammetry results showed that in Zn–Co deposition from an

alkaline bath in the presence of glycine, cobalt deposited at

a potential near to that of zinc together with successful

co-deposition of Co and Zn. It was also shown that

reduction–oxidation (redox) reactions of Zn–Co alloy

deposits were quasi-reversible and resulted in deviation of

electrodeposited alloys from the equilibrium phase dia-

grams. The corrosion resistance of the deposits was also

highly influenced by the composition and morphology of

the coatings. Overall, Zn–Co deposit containing 0.89 wt%

Co showed that the highest corrosion resistance among the

coatings that was due to its single phase structure and fine

morphology.

Keywords Zn–Co � Electrodeposition �
Cyclic voltammetry � Corrosion

1 Introduction

The interest in zinc alloy electrodeposits has been growing

as a consequence of their higher corrosion resistance and

better mechanical characteristics in comparison with pure

zinc coatings [1–5]. They can also be considered as sub-

stitutes for toxic and high-cost cadmium coatings [5–8].

The co-deposition process of zinc together with metals

of the iron group (Ni, Co, and Fe), has been observed to be

anomalous in many cases, because the less noble metal,

i.e., zinc, is deposited preferentially on the cathode with

respect to the more noble metals [9–17]. Several theories

have been suggested by various researchers about anoma-

lous co-deposition. The most widespread theory in this

regard is the so-called hydroxide suppression mechanism

(HSM) [10, 14, 17].

The electrodeposition of zinc and zinc alloys is usually

conducted in both acidic and alkaline solutions [18–21].

Most of the commercial alkaline baths used for electro-

plating of zinc and zinc alloys contain cyanide compounds

which are both toxic and corrosive [19, 20].

The use of organic additives in electrodeposition bath is

extremely important due to their influence on the growth

and structure of the deposits obtained [22–25]. Barbosa and

Carlos [26] used sorbitol as a complex agent in alkaline

bath applied for deposition of Zn–Fe. They observed that

sorbitol had a beneficial effect in minimizing the potential

difference of iron and zinc, and hence successful

co-deposition of Fe and Zn. Mouanga et al. [24] used

coumarin in an acidic bath applied for the deposition of

Zn–Co. They found that coumarin affected the reduction of

zinc, but it had no effect on the reduction of cobalt. They

also noticed that the presence of coumarin in the electrolyte

resulted in structural refinement of alloy deposits and

increase of cathodic current efficiency. Ballesteros et al.
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[27] studied the influence of polyethylene glycol 20000

(PEG20000) on the mechanism of zinc deposition. They

observed that zinc reduction potential moved to more

negative values in the presence of PEG20000 without sig-

nificant interference from the hydrogen evolution reaction.

In this research, electrodeposition of Zn–Co alloys from

a cyanide free alkaline bath in the presence of glycine as a

complexing agent was studied using direct current. Cyclic

voltammetry was also used to study co-deposition of zinc

and cobalt. Scanning electron microscopy (SEM), energy

depressive spectroscopy (EDS), and X-ray diffraction

(XRD) analyses of Zn–Co films were applied to determine

the morphology, composition, and structure of the coatings,

respectively. Finally, the corrosion behaviors of Zn–Co

alloy coatings were also studied to find the optimum cobalt

content in the coating.

2 Experimental

AISI 1018 steel specimens with a plated area of

2 cm 9 1 cm and high purity zinc were used as cathode

and anode, respectively. Before electroplating commence-

ment, the samples were polished and thoroughly degreased

in alkaline solution (containing 10 g L-1 NaOH and

40 g L-1 Na2CO3) for 5 min at 60 �C. After a thorough

rinse with distilled water, the samples were etched in 10%

HCl for 5 min to neutralize the remnants of alkaline

solution and to activate the surface. Finally, the substrates

were rinsed again with distilled water and dried by hot air.

After surface preparations, to prevent formation of oxide

layer on their surfaces, the samples were immediately

placed in the plating bath. The electrolyte used for direct

current (DC) electrodeposition contained 0.4 M ZnSO4,

0.005–0.02 M CoSO4, and 2 M glycine (NH2CH2COOH).

The pH of electrolyte was adjusted to 11 by adding sodium

hydroxide, and deposition was carried out at room tem-

perature. The thickness of the coatings was fixed at

approximately 12 lm.

Cyclic voltammetry and potentiodynamic polarization

tests were carried out in a three-electrode cell using an

EG&G potentiostat/galvanostat, model 273A. Platinum

plate and saturated calomel electrode (SCE) were used as

counter and reference electrodes, respectively. An AISI

1018 steel specimen that had been placed in a Teflon

mounting material was also used as a working electrode.

The potential scan in cyclic voltammetry study was started

in the negative direction from -400 mV and reversed at

-1400 mV in positive direction, at three different potential

scan rates of 5, 10, and 15 mV s-1. The potentiodynamic

polarization tests were carried out in 3.5 wt% NaCl solu-

tion by sweeping the potential at a scan rate of 2 mV s-1

from -1800 to 200 mV (vs. SCE). The working electrode

was kept in the 3.5 wt% NaCl solution for 30 min prior to

establish the potential.

The surface morphologies of the coatings were charac-

terized by SEM model MV-2300 and the chemical com-

positions of the coatings were determined via energy

dispersive spectroscopy (EDS). The phase compositions of

the coatings were also determined via XRD analysis using

a diffractometer (model Philips X0 Pret Pro) with Co Ka
radiation (k = 1.78897 Å) at 30 kV and 20 mA. The 2h
ranged from 20� to 120� and the scan rate was 0.02� per

second.

3 Results and discussions

3.1 Voltammetric studies

Figure 1 shows cyclic voltammograms of the specimens

exposed to solutions containing Zn2? or Co2? alone and

Zn2? ? Co2? in the presence of glycine, at room tempera-

ture. The potential scan was started in the negative direction

from -400 mV and reversed at -1400 mV in positive

direction, while potential scan rate was 10 mV s-1.

According to cyclic voltammogram of Co2? alone

(curve a in Fig. 1), the equilibrium potential of cobalt

reduction moves toward more negative values at about

-870 mV versus SCE and the growth of the deposited

layer increases gradually when the potential shifts to more

negative values. The transition of reduction potential to

more negative values could be due to the formation of Co–

glycine complex species [28, 29]. During potential scan in

positive direction in cyclic voltammogram of cobalt, the

anodic peak at the potential of about -570 mV versus
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Fig. 1 Cyclic voltammograms for the electrodeposition on steel in

2 M glycine solutions with pH = 11 containing: a 0.005 M CoSO4,

b 0.4 M ZnSO4, c 0.005 M CoSO4, and 0.4 M ZnSO4, at room

temperature and scan rate of 10 mV s-1
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SCE, corresponds to the anodic dissolution of deposited

cobalt.

According to cyclic voltammogram of Zn2? alone

(curve b in Fig. 1), after the first deposited spike that is

located at the potential of about -1080 mV versus SCE

(Point A), the current density increases. As a result, the

deposited spikes will gradually develop and the following

observed peak at potential of about -1260 mV versus SCE

belongs to the bulk deposition of zinc (Point B). The

revealed anodic peak at potential of about -1130 mV

versus SCE (Point C) belongs to the dissolution of depos-

ited zinc.

Observing the cyclic voltammogram of Zn–Co alloy

(curve c in Fig. 1), it is found that the reduction process has

happened in a certain peak at -1240 mV versus SCE that

is attributed to simultaneous reduction of Zn2? and Co2?

ions. This shows that glycine has acted as a suitable and

successful complexing agent in co-deposition of Zn and

Co. It is also found that deposition potential of Zn–Co alloy

is closer to that of zinc rather than cobalt. This behavior is

related to the presence of Zn2?, which inhibits Co2?

reduction. Many researches [8, 29–32] have attributed this

behavior to the underpotential deposition (UPD) of zinc on

cobalt. A peak at potential -1070 mV versus SCE is

located on the anodic part of the Zn–Co cyclic voltmmo-

gram that shows oxidation and dissolution of the deposited

alloy. The potential of this peak is more positive than the

dissolution potential of pure zinc and also the height of this

peak (current peak) is smaller than the height of dissolution

peak of pure zinc. It is therefore concluded that the main

constituent of electrodeposited Zn–Co alloy is zinc with a

small fraction of cobalt [2, 8].

Figure 2 shows cyclic voltammograms of the specimen

exposed to electrolyte containing 2 M glycine ? 0.4 M

ZnSO4 and different concentrations of cobalt from 0.005 to

0.02 M with potential scan rate of 10 mV s-1 at room

temperature. It is observed that the reduction potential of

Zn–Co alloy does not change considerably, when cobalt

concentration in electrolyte increases. It is also seen that in

the anodic part of cyclic voltammetry, when cobalt con-

centration increases from 0.005 to 0.02 M, the anodic peak

potential gradually moves toward more positive values and

simultaneously, the anodic peak current reduces. These

changes show that when cobalt concentration in electrolyte

increases the amount of zinc in the alloy decreases and the

formation of cobalt in the deposited alloy increases.

Besides, by increasing of cobalt concentration in the

electrolyte from 0.005 to 0.01 M, one anodic peak is only

observed, that is an indication of solid solution of cobalt in

zinc. In the electrolyte containing 0.02 M cobalt, a small

anodic peak at potential of about -880 mV versus SCE is

also observed that can be an indication of the formation of

an intermetallic phase [8, 29, 33].

Figure 3 shows cyclic voltammograms obtained from

the electrolyte containing 0.005 M CoSO4, 0.4 M ZnSO4,

and 2 M glycine at three different scan rates of 5, 10, and

15 mV s-1. It is observed that when scan rate increases

from 5 to 15 mV s-1, cathodic peak potential moves

toward more negative values, and anodic peak potential

moves toward more positive values. Therefore, with the

increase of scan rate, the distance between anodic and

cathodic peaks increases. This increase is related to the loss

of ohmic drop [34]. Figure 3 also indicates that the reac-

tions of reduction–oxidation (redox) in Zn–Co alloy are

quasi-reversible, because the ratio of cathodic to anodic

peak current is almost close to one [35].

Figure 4a and b shows the relation between cathodic and

anodic peak current densities versus square root of scan
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Fig. 2 Cyclic voltammograms for the electrodeposition from solu-

tions containing: 0.4 M ZnSO4 ? 2 M glycine and three different

CoSO4 contents, with pH = 11 at room temperature and scan rate of

10 mV s-1
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Fig. 3 Cyclic voltammograms for the electrodeposition on steel in

electrolyte containing: 0.005 M CoSO4, 0.4 M ZnSO4, and 2 M
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rate. There is a relatively good liner relationship between

these currents and the square root of the scan rates.

According to Randles–Sevcik equation, the cathodic and

anodic peak currents in diffusion-controlled reversible or

quasi-reversible electrochemical reactions are directly

related to the square root of the potential scan rate [35–37].

Therefore, it appears that electrodeposition of Zn–Co alloy

in alkaline bath containing glycine is controlled by diffu-

sion mechanism.

3.2 Chemical composition and morphology

of the deposits

Effect of current density on the cobalt content of the

electrodeposits was investigated using a bath containing

0.4 M ZnSO4, 0.02 M CoSO4, and 2 M glycine. According

to Fig. 5, by increasing current density, the Co content of

the coating increases and approaches the composition ref-

erence line (CRL) which is defined according to Eq. 1 [17,

38, 39]:

CRL ¼
c Co2þ� �

c Co2þ þ Zn2þ� �� �; ð1Þ

where c(Co2?) and c(Zn2?) are the concentrations of Co

and Zn ions in the electrolyte, respectively.

The lower Co content of the alloy coatings in compar-

ison with the CRL is the result of the preferential deposi-

tion of the less noble metal (Zn) as compared with the more

noble metal (Co) that results in anomalous deposition of

Zn–Co alloy coatings. By increasing current density,

deposition of zinc which is reduced more easily is accel-

erated. As a result, the solution that is next to the cathode is

depleted from Zn2? and causes more Co2? to have

opportunity for reduction, and hence, the cobalt content of

coating increases (Fig. 5).

Figure 6a–d shows the surface morphologies of Zn–Co

alloy deposits obtained from plating bath containing 0.4 M

ZnSO4, 0.02 M CoSO4, and 2 M glycine at current densi-

ties of 10, 15, 20, and 30 mA cm-2, respectively.

According to Fig. 6a and b, with the increase in current

density from 10 to 15 mA cm-2, the grain size reduces.

However, further increase in the current density from 15 to

30 mA cm-2 has a reverse effect and causes grain coars-

ening (Fig. 6c–d). It is postulated that with increase in

current density, due to the rise in the overpotential, free

energy for formation of new nuclei in Zn–Co alloy deposits

increases that leads to higher nucleation rate, and hence

formation of coatings with smaller grain size [21]. How-

ever, further increase in current density from 15 mA cm-2

to higher values, will result in creation of discrete large
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Fig. 5 Effect of current density on the Co content of Zn–Co alloy

electrodeposits in electrolyte containing: 0.02 M CoSO4, 0.4 M

ZnSO4, and 2 M glycine with pH = 11, at room temperature
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crystallites. The formation of large and discrete polyhedral

grains is attributed to the fast growth of grains and

agglomeration on the nuclei in comparing with nucleation

rate [21, 29].

3.3 Phase composition of the deposits

X-Ray diffraction (XRD) patterns of pure zinc and Zn–Co

alloy deposits obtained from electroplating bath containing

0.4 M ZnSO4, 0.02 M CoSO4, and 2 M glycine at different

current densities are shown in Fig. 7. The presence of

cobalt in the alloy coatings slightly decreases the intensities

of the diffracted planes as compared with those of the pure

zinc. With an increase in cobalt content in Zn–Co alloy

deposits (due to an increase of current density), the inten-

sity of peaks for planes (002), (100), and (101) decreases

further. This decrease of intensity is also observed in other

peaks related to hexagonal phase of zinc, but in a lower

extent. The persistence of those peaks, although with lower

intensity suggests the appearance of a zinc-rich phase (g)

which is a solid solution of Co in Zn in these coatings. This

decrease of intensity in peaks is the result of variation in

orientation of the zinc crystallographic planes by virtue of

increase in Co content of coating that causes the distortion

of hexagonal structure of zinc [24, 29, 40]. By increasing

the current density to more than 20 mA cm-2 during

electroplating, and hence increase in the cobalt content in

the deposits, a new phase called c-phase (CoZn13) is

formed. The XRD patterns indicated as d and e in Fig. 7

shows the presence of this new phase indicated with letter i.

Overall, it appears that the structures of the electrode-

posited Zn–Co alloy coatings deviate from the equilibrium

phase diagrams. This behavior is attributed to quasi-

reversible reactions in electrodepoition of Zn–Co alloys

that were noticed in cyclic voltammetry studies.

Table 1 summarizes the effect of current density on

chemical composition and phase composition of the alloy

coatings (obtained from electroplating bath containing

0.4 M ZnSO4, 0.02 M CoSO4, and 2 M glycine) on which

potentiodynamic polarization test were carried out.

3.4 Corrosion behaviors of the deposits

Figure 8 illustrates the polarization curves obtained from

potentiodynamic polarization tests in 3.5 wt% NaCl solu-

tion for Zn–Co alloy coatings. Two stages of passivation

are observed in Zn–Co alloy coatings. This can be an

Fig. 6 Surface morphology of Zn–Co alloy coatings from electrolyte

containing 0.02 M CoSO4, 0.4 M ZnSO4, and 2 M glycine at

different current densities: a 10 mA cm-2, b 15 mA cm-2,

c 20 mA cm-2, and d 30 mA cm-2
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Fig. 7 XRD patterns obtained from (a) pure zinc coating from

electrolyte containing: 0.4 M ZnSO4 and 2 M glycine at 15 mA cm-2

and Zn–Co alloy coatings from electrolyte containing: 0.02 M

CoSO4, 0.4 M ZnSO4, and 2 M glycine at different current densities:

(b) 10 mA cm-2, (c) 15 mA cm-2, (d) 20 mA cm-2 and (e)

30 mA cm-2

Table 1 Effect of current density on chemical composition and phase

composition of Zn–Co alloy coatings from electrolyte containing:

0.4 M ZnSO4, 0.02 M CoSO4, and 2 M glycine

Coating Current density

(mA cm-2)

Wt% Co

in deposit

Phase

composition

Zn–Co 10 0.52 g

Zn–Co 15 0.89 g

Zn–Co 20 1.95 c ? g

Zn–Co 30 3.34 c ? g
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indication of the formation of protective film in two stages.

When Zn–Co alloy is corroded, zinc begins to dissolve

preferentially according to Eqs. 2–5 [22, 41]:

Zn sð Þ ! Zn2þ aqð Þ þ 2�e ð2Þ

O2 gð Þ þ 2H2O lð Þ þ 4�e! 4O�H aqð Þ ð3Þ

Zn2þ aqð Þ þ 2O�H aqð Þ ! Zn OHð Þ2 sð Þ ð4Þ

Zn OHð Þ2 sð Þ ! ZnO sð Þ þ H2O ð5Þ

Therefore, the protective films are complex compositions

including Zn(OH)2 and ZnO that cover the surfaces of the

corroded coatings and create areas in which current density

is independent of potential.

The presence of cobalt in the coating enhances disso-

lution of zinc in NaCl solution. Consequently, the increase

in zinc dissolution causes its reaction with chloride ions in

NaCl solution and formation of zinc hydroxy chloride

(ZHC) according to Eq. 6 [22, 42]:

5Zn2þ þ 8O�Hþ 2C�lþ H2O! Zn5 OHð Þ8Cl2 � H2O: ð6Þ

ZHC has a very low product of solubility, and ensures

higher protective ability for Zn–Co alloy coatings [42, 43].

The results obtained from polarization tests for Zn–Co

alloy coatings are summarized in Table 2. The corrosion

potential (Ecorr) and corrosion current density (icorr) cal-

culated from the intersection of the cathodic and anodic

Tafel slopes in the range of ±50 mV of the open-circuit

potential (Eocp). It is noticed that Zn–0.89 wt% Co alloy

coating has the lowest corrosion current density among

coatings and creates the protective passive film with a

wider passive range. Moreover, it is observed that passive

current density of Zn–0.89 wt% Co alloy coating is lower

than those of other coatings, indicating that this coating

passivates much easier than other coatings. Therefore, Zn–

0.89 wt% Co has the highest corrosion resistance among

all coatings. It is also noticed that the protective passive

film that is formed on the surface of Zn–0.52 wt% Co

possesses widespread passive range that shows corrosion

resistance of this coating is higher than those of Zn–Co

alloy coatings with 1.95 and 3.34 wt% Co.

Zn–3.34 wt% Co alloy coating, possessed the lowest

corrosion resistance compared to other alloy coatings and

showed that the lowest passive range and the highest cor-

rosion current density among the coatings. The lower

corrosion resistance of Zn–Co alloy coatings with 1.95 and

3.34 wt% Co are due to their dual phase nature (g ? c) as

confirmed by their XRD patterns (Fig. 6), that promotes

galvanic corrosion. In alloy coatings with single phase

structure (g-phase), i.e., the coatings with 0.52 and

0.89 wt% Co, the coating with smaller grain size (i.e., the

one with 0.89 wt% Co) exhibited higher corrosion resis-

tance than the coating with coarser grain size. This is due to

the higher grain boundary density in the coating with

smaller grain size that speeds up the formation of a stable

and protective passive film. Similar behaviors have been

reported by Youssef et al. [41] and Wang et al. [44] who

worked on pure zinc and pure cobalt.

The cross-sectioned SEM images of Zn–Co alloy

deposits after potentiodynamic polarization test followed by

10 h immersion in 3.5 wt% NaCl solution are shown in

Fig. 9a–c. It is observed that surface of Zn–0.89 wt% Co

alloy (Fig. 9b) is covered with corrosion products (mainly

ZHC) that act as barriers against further corrosion. It is also

noticed that in Zn–Co alloy coatings with 0.52 and

1.95 wt% Co, the corrosion damages in cross-section are in
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Fig. 8 Polarization curves obtained for Zn–Co alloy coatings from

electrolyte containing: 0.02 M CoSO4, 0.4 M ZnSO4, and 2 M

glycine with pH = 11, in 3.5% NaCl

Table 2 Variation of corrosion current density (icorr), corrosion potential (Ecorr), passive current density (ipass), passivation potential (Ep),

breakdown potential (Eb), and passive range (Eb - Ep) for various coatings, measured in 3.5 wt% NaCl solutions

Coating icorr (lA cm-2) Ecorr (mV) ipass (lA cm-2) Ep (mV) Eb (mV) Eb - Ep (mV)

Zn–0.52 wt% Co 12.59 -1124 2168 -774 -464 310

Zn–0.89 wt% Co 0.84 -1148 1298 -789 -326 463

Zn–1.95 wt% Co 15.85 -1135 3800 -721 -593 128

Zn–3.34 wt% Co 17.84 -1150 3880 -730 -609 121

1568 J Appl Electrochem (2010) 40:1563–1570

123



the form of uneven pits and surface of these coatings is

covered with discrete corrosion products. The pitting cor-

rosion could be related to the absorption of halide anions on

the passive films formed on the coatings. The anions that are

absorbed on the passive film create an electrostatic field

across the interface of passive film and electrolyte. When

the electrostatic field reaches a critical value, the absorbed

anions start to penetrate in the passive film especially at the

point defects of the film. This process leads to breakdown of

the passive film and causes local dissolution on surface of

the passive film [45, 46]. Cross-sectioned micrograph of the

Zn–1.95 wt% Co alloy coating shows cracks from the sur-

face down to the substrate. The presence of such cracks is

associated with the dissolution of zinc-rich phases.

4 Conclusions

1. The cyclic voltammetry reveals that glycine play a

beneficial effect in electrodeposition of Zn–Co alloys,

since the reduction potential of the Co2? is brought

close to that of the Zn2?, so that co-deposition of

cobalt and zinc successfully occurs.

2. The mechanism of Zn–Co alloy deposition in alkaline

bath containing glycine is controlled by diffusion

mechanism. It is also shown that reduction–oxidation

reactions in Zn–Co alloy deposits are quasi-reversible

that results in deviation of electrodeposited alloys from

the equilibrium phase diagrams.

3. Under the examined conditions, electrodeposition of

the Zn–Co alloys is anomalous and increase in current

density results in increase of cobalt in Zn–Co alloy

electrodeposits.

4. Zn–Co alloy coatings with 1.95 and 3.34 wt% Co are

consisted of two phases (g and c), but Zn–Co alloy

coatings with lower cobalt content have single phase

structure (g-phase) which is a solid solution of cobalt

in zinc.

5. Among alloy coatings with single phase structure

(g-phase), the coating with smaller grain size (i.e., the

one with 0.89 wt% Co) exhibited higher corrosion

resistance than the coating with coarser grain size

(i.e., the one with lower cobalt value of 0.52 wt%).

This is due to the higher grain boundary density in

the coating with smaller grain size that speeds up

the formation of a stable and protective passive film.

The lower corrosion resistance of Zn–Co alloy

coatings with 1.95 and 3.34 wt% Co are due to their

dual phase nature (g ? c), that promotes galvanic

corrosion.

Fig. 9 Cross-section

micrographs of Zn–Co alloy

coatings with: a: 0.52, b: 0.89,

c: 1.95 wt% Co, after

potentiodynamic polarization

test followed by 10 h immersion

in 3.5 wt% NaCl solution
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